Introduction
Non-invasive geophysical methods have been used to estimate the shear wave velocities of soil layers in order to interpret physical properties such as stiffness and liquefaction potential of the soil. Applications using the surface waves started in the fifties with the geophysical method Steady State Rayleigh SSRM. In particular, surface wave methods (using active or passive source) have been applied since the 1980s (Nazarian and Stokoe, 1986) (Everett, 2013) . In the eighties, the Spectral Analysis of Surface Waves SASW was introduced to obtain the V S profile of the subsoil. Multistation approach become widespread in the late 1990s and today MASW (Multiple Analysis of Surface Waves) is the most used approach.
It is important to notice that seismic waves travel through rock and soil following paths that depend on the density, stiffness, and stratification of soils. Waves that pass through these materials are compressive waves P and shear waves S. P-waves can travel through any material that supports compressional forces (solids and liquids) whereas S-waves can only travel through materials that have shear strength therefore they are not transfer in liquids or gases. Soils P-and S-wave velocities, V P and V S , respectively, depend mainly of the type of soil, their stiffness and density.
Additionally, on the soil surface there are other types of waves; Love and Rayleigh waves. These waves travel along the surface with an amplitude that decreases with the depth (Biot, 1962) . Rayleigh waves are commonly used on practice. Similarly, analyzing Rayleigh waves velocity V R , it can be obtained a relationship between V R , V S , and the Poisson's ratio u or between V R , V S and V P as follows:
Details on this derivation can be obtained in Foti et al. (2014) . When considering the seismic design of structures it has been studied the seismic bearing capacity (Tiznado and Paillao, 2014) and the seismic response of the soil that could induce amplification factors on the loads that affects the structure. Seismic response of soil deposits depends between other factors on the soil stratification that exist in a specific location. Shear wave velocity profiles have been used to predict the behaviour of a soil during an earthquake. Different site classification systems use a representative average of the shear wave velocity up to a depth of 30 m (Dobry et al., 2000) . The depth is basically determined by the usual depth of borings and the cost of these. Obtaining this value allow us to categorize the soil in different classes that define different seismic response.
Seismic codes generally use V S30 to characterize "site effects" and to select an appropriate response spectrum according to soil characteristics. The value of V S30 is calculated using (2) as follows:
where n is the number of layers up to 30 m depth and h i and V Si are the thickness and shear wave velocities of these layers, respectively. There are many other factors that have been found to be important in the seismic response that are not always considered, among them, the impedance ratio between surface and underlying deposits and the depth to bedrock. Different in situ seismic techniques have been developed to determine shear wave velocity profiles. In Chile and in many parts of the world, it has become very popular the use of surface seismic methods such as MASW (Multichannel Analysis of Surface Waves). However, as the analysis of the disperse nature of surface waves is complicated, there are doubts whether the method is able to characterize a site up to 30 m depth measuring only from the surface. The MASW method consists in three main steps; (1) Data acquisition on the field, (2) Dispersion analysis of the data, and (3) Inversion to obtain V S profile. This test can be performed using an active or passive source. The active source usually consists in a hammer blow or a heavy weight drop on the surface. The maximum depth of V S that can be achieved using this method varies between 10 to 30 m depending on the site and the type of active source employed (Park et al., 1999) . The maximum depth that reaches the method also depends of the spread length used by the geophones D, defined as the distance between the source and the further geophone, because this determines the maximum wavelength of the Rayleigh wave that can be measured (see Figure 1 ). In general, it is considered that z max ≤ D. On the other hand, the minimum depth z min , is determined by the separation between geophones, dx, as it is shown in Figure 1 . It is considered that z min ≥ 0.5l min = 0.5c min /f max , where c min and l min are phase velocity and wavelength, respectively, corresponding to a particular frequency f max . It is known that the receiver spacing affects the maximum wavenumber, which corresponds to the minimum wavelength (shallow layers). The minimum wavelength can be as low as the receiver spacing (l min = dx). Additional details of this method and the main factors that influence the measurements can be found in Park et al. (1999) and Foti et al. (2014) .
Geophones with natural frequency of 4.5 Hz are used to measure the vertical component of the surface waves. The time of sampling is in the order of 1 to 2 seconds, the latter is used in the case of low shear wave velocities. The testing parameters typically advised for this type of measurements are shown in Table 1 . These parameters would allow to measure depths z max in the order of 20 to 30 m. Moffat, R, Correia, N. and Pastén, C. (2016) . Comparison of mean shear wave velocity of the top 30 m using downhole, MASW and bender elements methods .Obras y Proyectos 20, 6-15 As it was mentioned previously, during the signal analysis there are two main processes that have to be performed: (1) Finding the dispersion curve, and (2) Inversion process.
The dispersion curve is found directly from the measurements of the geophones used on the field. In Figure  2 it is shown, as an example, the data for the Casablanca site after 5 blows in the ground. The dispersion curve is the most critical step to generate an adequate shear-wave velocity profile. In this work it has been applied a total of 5 blows in each site and the data has been stacked together to characterize a clear dispersion curve. From this figure, the representative curve that will be used in the next steps of the analysis is obtained. The analysis of this dispersion curve is obtained by using the software Geopsy.
Inversion of the curve obtained in the previous step is a mathematically complicated process. It is required the estimation of Poisson's ratio and density of the subsoil. It is an iterative process where a starting shear wave profile is established and the corresponding theoretical dispersion curve is deduced for that V S profile. This is performed many times comparing the obtained dispersion curve with the measured curve on the field and using a least-squares approach to estimates how adequate is the V S profiles adopted. In this form, it is deduced the V S profile that generates the dispersion curve that is most similar to the measured curve on the field (through the assignation of a fitting error for each curve). More details of this process can be found in (Penumadu and Park, 2005) . In this work, results of shear wave velocities obtained from laboratory tests using bender elements are also used. Bender elements have been used since the late 1970s, for example Shirley (1978) and Shirley and Hampton (1978) . These elements consist in a piezoceramic transmitter, which generates shear waves through the soil sample, and another piezoceramic that acts as a receiver and converts the shear movement in an electrical signal. The time from the shear wave to travel from the transmitter to the receiver is measured to calculate the shear wave velocity as the soil sample length is known. A detailed explanation for the use and interpretation of bender elements reading to deduce shear wave velocity is given in Lee and Santamarina (2005) and Leong et al. (2005) .
The objective of this work is to compare V S values obtained from MASW method and downhole tests in five sites. Shear waves velocity obtained from laboratory tests on undisturbed soil samples are also compared with the V S profiles deduced from MASW.
Experimental setup and procedure
Sites were chosen as there were previous measurements of downhole testing performed in these locations. The locations form part of a Chilean network of seismometers that recorded the 2010 Chile earthquake (Saragoni et al., 2010) . Stratigraphic information is also available at these site as boring were performed and will be shown for each location. MASW tests were performed using a Geode seismograph (from Geometrics), as shown in Figure 3a . This equipment has 24 channels of 24 bits each one with the main characteristics shown in Table 2 . Figure 3b . For measurements performed in Peñalolén, Maipú, Melipilla and Llolleo, it was used a source offset X 0 of 8 m, and geophone distance dx = 5 m. In Casablanca, due to space constrictions, the source offset was 10 m and the geophone distance dx = 4 m. In all locations 5 blows were performed to obtain the dispersion curve of the site. Downhole tests were performed as part of the geotechnical study of the Chilean network of seismometers (Boroschek et al., 2012) . Tests were performed taking measurements every 2 m of depth, and using a three directional geophone. Downhole results are analyzed according to the interval method (Kim et al., 2004) . In Llolleo, there is a downhole test published nearby reported by Verdugo (2009) . Additional details on how the downhole tests are performed can be found in ASTM (2014).
Test results
In total, 25 MASW tests were performed during this study, these are complemented by the analysis of 5 downhole tests and the stratigraphy found in each boring performed previously. All MASW tests were carried out as close as possible to the location of the boring. Shear wave velocity profiles were deduced directly from the downhole tests and through the MASW equipment. Differences in the V S profile for each site are analyzed in terms of the stratigraphic profile and the values of V S30 deduced. The results obtained by the surface methods are compared with downhole tests. Additionally, results are complemented by existing bender elements tests on soil samples obtained from the field (Boroschek et al., 2012) . Tests are performed on reconstituted specimen or undisturbed samples depending on the type of soil/rock tested. More information about obtaining shear wave velocities from bender elements can be found in Lee and Santamarina (2005) among others.
Stratigraphy
The stratigraphy for each location was informed by the University of Chile (Boroschek et al., 2012) . Stratigraphy is performed based on observations of samples obtained from drilling to depths larger than 30 m, but informed here only up to 30 m that is the interest zone for estimating V S .
In Figures 4 to 6 the different stratigraphy of each site is shown.
Downhole testing
Downhole tests were performed every 2 m in each site. An example of waveforms obtained at Melipilla site is shown in Figure 7 . Using these waveforms two independent interpretations of the arrival time for shear waves were performed in each site. This generates two V S profiles up to 30 m that have user depending variability. Moffat, R, Correia, N. and Pastén, C. (2016) . Comparison of mean shear wave velocity of the top 30 m using downhole, MASW and bender elements methods .Obras y Proyectos 20, 6-15
Waveforms from a downhole test at Melipilla (Boroschek et al., 2012) Field shear wave measurements V S profiles obtained from MASW tests at each site are shown in this paper. Dispersion curves are first shown and it is estimated the maximum depth that it is advisable to consider in each case based on the dispersion curve obtained. Then it is shown the V S profile obtained by using MASW data with the Geopsy software and the downhole deduction of V S by two different users. Also, when available, V S obtained from undisturbed or reconstituted (at the same density) specimens, are shown. These tests are performed in a triaxial cell under similar effective stress that has the soil at the corresponding depth in the field.
Maipú site
In Figure 8 , it is shown the dispersion curve obtained after 5 blows on the field. In Figure 9 , it is shown the dispersion curves adopted for each software. Finally, Figure 10 shows the estimate of V S profiles for MASW, downhole tests and one soil specimen reconstituted and tested with bender elements under a similar confining pressure as it is expected on the field. All the deduced profiles are very On the other hand, the deduced shear wave velocity using bender elements in the reconstituted sample (reconstituted to the same density observed on the field) is lower, about 65% of the V S obtained by MASW and downhole tests. This is believed to be due to the loss of structure, cementation or aging effect due to sample reconstitution.
Considering expressions (2) and (3) (Park et al., 1999) , it can be deduced the maximum depth and minimum definable thickness of the shallower layer, according to the frequencies and velocities derived from the dispersion curve (first mode of vibration). According to Stokoe et al. (1994) :
where H min is the minimum definable thickness of the shallower layer, l min and c min are wavelength and phase velocity corresponding to a f max . According to Rix and Leipski (1991) :
where c 1 is the phase velocity for the frequency f 1 . For the Maipú site these values are: z max = 29.4 m and H min = 5.3 m. Therefore, it can be confirmed from the measurements performed and the dispersion curves obtained from those measurements that it is possible to obtain the V S profile up to approximately 30 m deep and the best "resolution" of these measurements are in layers of 5.3 m.
Peñalolen
Similarly, at Peñalolen site it was derived the shear wave velocity from MASW (see Figure 11) , downhole, and bender elements tests were performed in undisturbed soil obtained from that depth. The result of a bender elements test, considering the expected effective stress on the field, of an undisturbed sample, gives a very close value of V S (related to downhole and MASW) at the same depth where It is important to mention that according to the dispersion curve estimated it is possible to consider the maximum depth for using MASW tests equal to 17.9 m and a minimum thickness of 3.6 m. However, the method compares well with downhole tests from 20 to 30 m, it could be due to the small change in V S existing at those depths (see Figure 12 ). 
Casablanca
In this site the dispersion curve obtained from the 5 blows on the field is shown in Figure 13 . The dispersion curve obtained is clear in a wide range of frequencies this allows us to estimate the V S profile up to depths of 37.9 m in this case and minimum thickness of 2.4 m. The shear wave velocity profiles are very similar up to approximately 22 m where some dispersion starts to be observed between MASW and downhole methods. Shear wave velocity V S , deduced on undisturbed samples gives a very close value to the measured on downhole tests at 22 m deep where firm clay was observed on the borings on the field. A lower value than deduced from the field values is obtained on bender elements tests where the soil was observed to pass from firm clay to medium dense sand (see Figure 14 ). 
Melipilla
In this site, there is a considerable change of soil type and rigidity at 6 m. Up to 6 m it can be found layers of sandy clay and clay, then below those layers it is found gravels with boulders up to 6 inches in diameter. This creates a large impedance of the soil that makes difficult to interpret the tests results in both cases downhole and MASW. Bender elements tests were performed on reconstituted specimens at depths lower than 5 m and in an undisturbed rock sample at 60 m depth. Bender elements results are very close to MASW deduction of V S for depths lower than 5 m. Also there is a good agreement of V S between MASW and bender elements tests on a rock sample at depths of 60 m (V S = 1200 m/s) although according to the dispersion curve deduced from MASW, the maximum depth up to V S that can be obtained is of 25.4 m with a minimum thickness of 2.4 m. 
Llolleo
Near this site, there is a downhole test performed and informed in Verdugo (2009) . Figure 17 shows the MASW profiles obtained during this research. It is possible to observe in Figure 18 a very good agreement on V S values up to 13 m, below that depth there is a considerable difference in the V S profiles obtained. According to the field measurements using active MASW, it is possible to deduce that the maximum depth where the V S can be obtained is of 41 m and that the minimum thickness that can be determined is equal to 3.2 m. From Figure 18 it is clear that the MASW method was not able to capture adequately the dense sandy-gravel layer existing between the 20 and 25 m deep. However, calculated values of V S30 are equal to 266 and 264 m/s for MASW and 227 m/s for downhole test (difference of about 17%). This change in V S30 values does not change the soil type in most classification systems (Dobry et al., 2000) . 
Conclusions
Different methods to determine the shear wave velocity in soils are compared in this paper. Even though measurements and analysis are very different, the results tend to be close between each other. If the objective of determination of the V S profile, is the seismic classification through the use of V S30 , MASW and downhole tests give very similar results and no change on soil classification is expected unless the V S30 value is close to the limits for a specific seismic soil type. The measurement of shear wave velocities on undisturbed soil samples shows to be an adequate technique to confirm V S values in a particular soil depth. This confirms the robustness of the employed methods in this work and in the professional practice.
The main conclusions that are drawn from this study are the following:
• Deduction of shear wave velocity V S profiles performed using downhole and active MASW tests are very similar except in cases where there is an intermediate dense sandy-gravel layer that is not captured by MASW analysis, as in the case of Maipú and Lloleo sites.
• Shear velocities deduced from bender elements tests on undisturbed samples are very close to the shear velocities obtained from downhole and MASW tests.
• Shear velocities deduced from bender elements tests on remolded soil samples show a large difference with the values obtained from downhole and MASW tests. This is due to the loss of fabric or cementation of the soil sample.
• In general, the maximum depth that is possible to reach, using the active MASW with a weight of 63.5 kg that drops from 1.3 m, was found to be between 17.9 to 37.9 m. Data after this maximum depth has to be considered with precaution.
• The minimum shallower thickness that can be detected using active MASW was found to be in the range between 2.4 and 5.3 m. These are considered appropriate for most geotechnical projects.
